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Attorney Docket No. 330 
WDM SYSTEM WITH PERFORMANCE MONITORING 

CROSS REFERENCE TO RELATED APPLICATION 
5 The present application claims the benefit of the filing date of U.S. Provisional 

Application No. 60/239,562, filed October 11, 2000, the teachings of which are 
incorporated herein by reference. 

FIELD OF THE INVENTION 
1 0 The present invention relates to wavelength division multiplexed (WDM) optical 

communication systems, in particular, such systems having a tunable laser for 
performance monitoring. 

BACKGROUND OF THE INVENTION 
1 5 WDM optical communication systems have been deployed to increase the 

capacity of existing fiber optic networks. These systems typically include a plurality of 
transmitters, each including a semiconductor laser diode respectively transmitting signals 
on a designated one of a plurality of channels or wavelengths. The channels are 
combined by a multiplexer at one end terminal and transmitted on a single fiber to a 
20 demultiplexer at another end terminal where they are separated and supplied to respective 
receivers. Several parameters, discussed below, effect WDM system performance and 
should therefore be monitored. 
I. Amplifier Gain Flatness 

Typically, a plurality of erbium doped fiber amplifiers are provided at nodes 
25 spaced along the fiber between the multiplexer and demultiplexer in order to regenerate 
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each channel within the WDM signal. However, erbium doped fiber amplifiers often do 
not uniformly amplify light across each WDM channel, typically within the spectral 
region of 1 525 to 1 570 nm. For example, an optical channel at a wavelength of 1 540 nm 
may be amplified as much as 4 dB more than an optical channel at a wavelength of 1555 

5 nm. While such a large variation in gain can be tolerated for a system with only one 
optical amplifier, it cannot be tolerated for a system with plural optical amplifiers or 
numerous, narrowly spaced optical channels. In these environments, much of the 
amplifier pump power supplies energy for amplifying light at the high gain wavelengths 
rather than amplifying the low gain wavelengths. As a result, low gain wavelengths can 

1 0 suffer excessive noise accumulation after propagating through several amplifiers. 


II. Chromatic Dispersion 

Another factor effecting WDM system performance relates to chromatic 
dispersion. Optical signals transmitted in a fiber optic communication system typically 

1 5 constitute a series of pulses of digital information. Although the pulses are usually at a 
single nominal wavelength, each pulse is actually composed different spectral 
components. These spectral components propagate through the transmission fiber at 
different speeds , which has the effect of broadening the pulse as it propagates through 
the fiber. This effect, known as "chromatic dispersion", can result in spectral 

20 components of one pulse arriving at a receiver at substantially the same time as a 

succeeding pulse, thereby causing degraded receiver sensitivity. Dispersion compensated 
fiber, commercially available from Corning, for example, can be used to offset chromatic 
dispersion, but its effectiveness over a wide range of wavelengths found in high channel 
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count WDM systems can be limited. Accordingly, due to the wavelength dependence on 
dispersion, certain WDM channels may be adequately dispersion compensated while 
others are not. 

5 IIL Polarization Mode Dispersion (PMD) 

Each optical pulse can further include light of different polarizations in addition to 
different spectral components. These various polarizations can also propagate at different 
speeds in the transmission fiber, so that adjacent pulses can bleed into one another 
making it difficult to accurately detect each pulse. 

10 

Each of these effects, as well as others, can reduce system performance, often 
gauged by measuring an optical signal-to-noise ratio (OSNR) for each channel in the 
WDM system. Conventional monitoring techniques for measuring OSNR, as well as the 
above-identified parameters, have implemented a tunable filter at various monitoring 
1 5 points along a WDM system. The tunable filter individually selects each channel of the 
WDM system, and using well-known methodologies and techniques, gain flatness and 
OSNR can be measured. Tunable filters, however, are expensive, and the cost for 
deploying large numbers in a WDM system traversing many hundreds of kilometers can 
be prohibitive. 

20 Alternatively, subcarrier modulation techniques can be employed in which a 

unique subcarrier is applied to each WDM channel, thereby allowing each channel to be 
diagnosed individually through electronic filtering. This approach, however, requires 
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that each WDM channel be present. If no channels are present, the system cannot be 
monitored. 


SUMMARY OF THE INVENTION 

5 Consistent with the present invention, an optical device is provided having a first 

a first optical transmitter emitting a first optical signal having a first wavelength, and a 
second optical transmitter emitting a second optical signal having a second wavelength 
different than the first wavelength. The second wavelength is variable among a plurality 
of wavelengths. An optical combining element is further provided which is configured to 

10 combine the first and second optical signals onto a common optical communication path. 
In addition, an optical filtering element is coupled to the optical communication path 
having an associated transmission spectrum with a plurality of transmission peaks, each 
of which corresponding to a respective one of said plurality of wavelengths. A receiver 
circuit is also provided which is coupled to the optical filtering element, said receiver 

1 5 circuit is configured to sense the second optical signal 

In alternative embodiments, the optical filtering elements maybe omitted if the 
second wavelength is varied in a step-wise fashion to avoid any overlap with the first 
wavelength or if its optical power is sufficiently low, so that it does not interfere 
significantly with the first wavelength. 

20 

BRIEF DESCRIPTION OF THE DRAWINGS 
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Advantages of the present invention will be apparent from the following detailed 
description of the presently preferred embodiments thereof, which description should be 
considered in conjunction with the accompanying drawings in which: 

Fig. 1 illustrates a functional block diagram of an optical communication system 
5 comprising a tunable laser consistent with a feature of the present invention; 

Fig. 2 illustrates a channel plan and transmission spectrum associated with an 
optical filter consistent with a feature of the present invention; 

Fig. 3 illustrates an embodiment of the present invention including Bragg grating 
and a counter circuit; 
10 Figs. 4 and 5 illustrate a further embodiment of the present invention 

incorporating a forward error correction encoder and decoder circuits, respectively; and 

Fig. 6 illustrates receiver circuitry consistent with a further embodiment of the 
present invention. 


1 5 DETAILED DESCRIPTION 

Consistent with the present invention, a tunable laser emits a monitoring signal 
which is combined with the WDM channels typically at the transmit side of a WDM 
system. At each monitoring point along the WDM system, the WDM channels are 
filtered out, the monitoring signal is sensed, and desired systems parameters (e.g., gain 

20 flatness, dispersion, PMD and OSNR) are measured. Accordingly, a single tunable 
element, i.e., the tunable laser, can be provided, thereby reducing costs. Moreover, 
system performance can be ascertained regardless of whether WDM channels are present. 
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In order to assure that the monitoring signal does not interfere with the WDM 
channels, the monitoring signal can be supplied to a filter, such as a Fabry-Perot etalon, 
having a transmission spectrum with a plurality of periodically spaced transmission peaks 
corresponding to the different wavelengths output from the tunable laser. The spectrum 
5 of the filter can also have transmission minima between each peak corresponding to the 
channel wavelengths of the WDM system, to thereby block any monitoring signal light at 
any one of the WDM channel wavelengths. A similar filter can be provided at each 
monitoring point to assure that the WDM channels are blocked while substantially only 
the monitoring signal light is detected. An embodiment in which the wavelength of the 

10 monitoring signal light is calibrated is further discussed below. 

Alternatively, interference between the monitoring signal and the WDM channels 
can be suppressed by tuning the monitoring signal in a step-wise fashion rather than 
continuously, with each wavelength step corresponding to the mid-point between two 
adjacent WDM channels. Other techniques for minimizing interference include keeping 

1 5 the optical power of the monitoring signal low compared to the WDM channels or 

modulating the monitoring signal at a high frequency, outside the electrical bandwidth of 
the WDM channel receivers. These different techniques - optical filtering, step-tuning, 
power reduction and high-frequency modulation - can be combined or used separately to 
achieve a sufficiently low amount of signal interference. 

20 Turning to the drawings in which like reference characters indicate the same or 

similar elements in each of the several views, Fig. 1 illustrates a WDM system 100 
having a plurality of optical transmitters 1 10-1 to 1 10-n. Each transmitter emits a 
respective one of a plurality of optical signals, each of which being at a respective one of 
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a plurality of wavelengths. The optical signals are supplied to a conventional combining 
element or optical combiner, described for example, in U.S. Patent No. 5,715,076, 
incorporated by reference herein, and supplied to an optical communication path, 
including optical fiber 113. The optical signals propagate through a combining element 
5 such as a coupler 1 14, which combines the optical signals with a monitoring signal at a 
wavelength different than the optical signals emitted by transmitters 1 10-1 to 1 10-n. The 
optical signals including the monitoring signal are amplified by an optical amplifier such 
as an erbium-doped fiber amplifier (EDFA) 1 18 and supplied to coupler 120, which taps 
a portion of the overall signal including the optical signals originating at transmitters 110- 

10 1 to 1 10-n and the monitoring signal. Filter 122 passes the monitoring signal to receiver 
126, but blocks the remaining optical signals. That portion of the overall signal not 
tapped by coupler 120 is passed to optical demultiplexer 120, which outputs individual 
optical signals, based on wavelength, to corresponding receiver circuits 130-1 to 130-n. 
As further shown in Fig. 1, an additional transmitter 140 may be provided for 

15 generating the monitoring signal. Transmitter 140 includes a control circuit 148 that 
outputs a control signal, such as an electric current, to a conventional tunable laser 142. 
Light output from tunable laser 142 can vary in accordance with the control signal. Thus, 
over a specified period of time, light output from laser 142 may be fixed at a wavelength 
specified by a particular control signal current value, for example, but can change to 

20 another wavelength corresponding to another control signal current value. 

Light output from tunable laser 142 is next supplied to an external modulator 144, 
which modulates the light in accordance with the output from a drive circuit 142. 
Alternatively, tunable laser 142 may be directly modulated. Regardless of the 
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modulation mechanism, the modulated output from transmitter 142 constitutes the 
monitoring signal It is noted, however, that the monitoring signal may be unmodulated, 
in which case neither direct nor external modulation techniques would be employed. The 
monitoring signal is next typically fed to a filtering element or filter 1 16, having a 
5 spectrum with a plurality of periodically spaced transmission peaks corresponding to the 
wavelengths of light output from tunable laser 142. Coupler 1 14 next combines the 
monitoring signal with the outputs from transmitters 1 10-1 to 1 10-n onto the optical 
communication path. As note above, the monitoring signal can be tapped with coupler 
120, passed through filter 122 (having a transmission spectrum substantially the same as 

10 that associated with filter 116), and detected at receiver 126. 

It should be noted that although a single monitoring signal receiver 126 and two 
EDFAs are shown in Fig. 1, the present invention is not limited to the specific 
embodiment shown in Fig. 1. Rather, any suitable number of amplifiers, coupler taps, 
filters and monitoring signal receivers can be provided. Moreover, it is contemplated that 

1 5 many such components may be provided, as needed, in WDM systems extending over 
1000 km or more. 

Fig. 2 illustrates a transmission spectrum 216 associated with filters 116 and 122, 
typically including a Fabry-Perot etalon. Transmission spectrum 216 includes a plurality 
of transmission peaks 216-1 to 216-7 at wavelengths corresponding to the various outputs 
20 of tunable laser 142. Fig. 2 also shows a channel plan 210 in which the wavelengths 
(typically in a narrow range about 1550 nm) for various optical signals emitted by 
transmitters 1 10 are represented by arrows 210-1 to 210-8. In order to avoid any 
significant overlap in the output of transmitter 140 and transmitters 1 10-1 to 1 10-n, the 
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wavelengths associated with the transmission peaks typically lay between adjacent 
channel wavelengths in the channel plan. As a result, the monitoring signal does not 
interfere with the other signals carried by WDM system 100, and downstream from 
coupler 114, receiver 126 primarily detects the monitoring signal absent any other the 
5 remaining optical signals in the system. 

Fig. 3 illustrates an alternative feature of the present invention including receiver 
circuitry 300 configured to determine the wavelength of the received monitoring signal. 
Receiver circuitry 300 includes a coupler 320 which directs light output from filter 122 to 
an additional filtering element, such as fiber Bragg grating 312. Light at a particular 

10 wavelength is reflected by Bragg grating 312 back to coupler 320 and passed to detector 
310, including a photodiode or other suitable light-sensing component configured to 
supply a sense signal to counter circuit 316. Light at other wavelengths, however, passes 
through Bragg grating 312 to detector 314 (similar to detector 312), which, in turn, is 
configured to pass a further sense signal to counter circuit 316. The outputs of detectors 

15 312 and 314 can be supplied to a counter circuit 316. 

Bragg grating 312 is often configured to reflect light at one of the wavelengths 
emitted by tunable laser 142, but passes all other wavelengths emitted by laser 142. If the 
sequence of wavelengths output from laser 142 is known and the first wavelength in the 
sequence is reflected off of Bragg grating 312, each wavelength output from laser 142 

20 can be determined simply by counting the pulses output from detectors 3 1 0 and 314. For 
example, if Bragg grating 312 reflects light at 1555.5 nm and it is known that tunable 
laser 142 successively outputs light in 0.8 nm increments beginning at wavelength 1555.5 
nm, a light pulse sensed by detector 310 (reflected off of Bragg grating 312) will be 
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assigned 1555.5 nm. The next pulse of light from transmitter 140 will pass though Bragg 
grating 312, since it is at a wavelength different than 1555.5, and be sensed at detector 
314. Counter 316 receives the corresponding sense signal from detector 314, and will 
assign the next incremental wavelength, namely 1556.3 to that pulse. Successive pulses 
5 will be counted and assigned further incremental wavelength values in a similar manner. 
Accordingly, the wavelength associated with each pulse output from transmitter 140 can 
be determined. 

As further shown in Fig. 4, a forward error correction (FEC) encoding circuit 410 
can be coupled to driver 146 so that the monitor signal output from transmitter 140 is 

10 encoded. In Fig. 5, an FEC decoder circuit 5 10 can be provided to decode the monitor 
signal and further discriminate the monitoring signal from the other signals present in 
WDM system 100. Alternatively, transmitter 140 can be configured to output optical 
signals having an optical CDMA format. 

In accordance with a further embodiment of the present invention, filter 122 may 

15 be omitted, and external modulator 144 modulated at a frequency beyond the radio 

frequency (RF) bandwidth of the optical signals emitted by transmitters 1 10-1 to 1 10-n. 
As shown in Fig. 6, the monitoring signal and other signals in WDM system 100 are 
supplied to a detector 610, which outputs an electrical signal to a suitable low pass RF 
filter 620 to suppress the signal output from transmitters 1 10-1 to 1 10-n. 

20 Advantageously, modulator 144 could modulate the output from laser 142 at a frequency 
corresponding to the channel spacing in channel plan 210 shown in Fig. 2. Accordingly, 
both the carrier optical frequency and the side bands could pass through a period filter 
simultaneously. 
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While the foregoing invention has been described in terms of the embodiments 
discussed above, numerous variations are possible. Accordingly, modifications and 
changes such as those suggested above, but not limited thereto, are considered to be 
within the scope of the following claims. 
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